INTRODUCTION
============

Initiation of nucleic acid synthesis during replication presents a unique challenge to the cell, as DNA polymerases can only extend the 3′-end of an existing DNA chain, but cannot initiate synthesis *de novo*. A specialized DNA-dependent RNA polymerase, termed primase, is responsible for synthesizing the short RNA primers that are utilised by the replicative DNA polymerases ([@B1],[@B2]). The antiparallel arrangement of the strands in the DNA double helix means that initiation events must take place repeatedly on the lagging strand, to prime synthesis of each Okazaki fragment. Indeed, the enzymatic activity of the primase is constantly required at the replication fork ([@B3]).

Primases synthesise oligoribonucleotides that are 7--12 nt in length. In the absence of DNA polymerase, primases can extend the primer by multiple rounds of unit-length elongation. Prior to ligation of a newly synthesized Okazaki fragment to the nascent DNA chain, the RNA primer is normally removed ([@B4]). In bacteria, the primase is a single polypeptide whereas in archaea and eukaryotes the primase is a heterodimeric enzyme comprised of a small subunit PriS endowed with catalytic activity and a large subunit PriL with multiple regulatory functions ([@B5],[@B6]). The conserved C-terminal sequence of PriL (PriL-CTD) is an iron--sulfur cluster domain with an important functional role in RNA primer synthesis ([@B7],[@B8]). In eukaryotes the primase is found tightly associated with Pol α and its B subunit in a heterotetrameric complex, the Pol α/primase complex or primosome ([@B9]).

Once the RNA primer has reached its full size, the primase must hand it over to the DNA polymerase for processive elongation. In eukaryotic replication, the hand-off between primase and polymerase takes place within the primosome: the 3′-end of the RNA primer is transferred intramolecularly to the active site of Pol α for limited extension with dNTP. The resulting RNA--DNA primer is then handed over to Pol δ and Pol ε on the lagging and leading strand, respectively, in a process that requires the clamp loader Replication Factor C and the sliding clamp PCNA ([@B10]).

A detailed structural characterization of the primosome is still lacking and consequently our understanding of the mechanism of initiation of nucleic acid synthesis is very limited. Pol α shares with Pol δ and Pol ε a conserved core comprising a catalytic subunit and the B subunit ([@B11]). In addition, each polymerase has a collection of unique accessory subunits. The sequence conservation of the catalytic subunit extends beyond the polymerase domain to a cysteine-rich C-terminal domain (αCTD) that mediates the interaction with the B subunit. An initial framework for the structural core of the three replicative polymerases has been provided by combining the 3D-electron microscopy (3D-EM) structure of the Pol α--B subunit complex with the X-ray crystal structure of the carboxy-terminal domain of Pol α (αCTD)--B subunit complex ([@B12]).

Available crystallographic models of the catalytic PriS subunit of the archaeal primase, which is related to the eukaryotic primase, show that its polymerase fold has found widespread adoption in such functionally diverse molecules as the eukaryotic Pol X family of DNA polymerases and the multi-functional bacterial DNA end-joining polymerases ([@B6],[@B13]). The only available primase structure that includes both PriS and PriL subunits shows that the heterodimeric primase is a very elongated molecule ([@B5]). Currently, no structural information is available for the eukaryotic primase with the exception of the conserved carboxy-terminal domain of its large subunit (PriL-CTD), a Fe-S cluster domain with a critical role in the initiation of an RNA primer synthesis ([@B7],[@B8],[@B14],[@B15]).

Here, we describe the first three-dimensional (3D) model of the primosome from *Saccharomyces cerevisiae*, obtained by electron microscopy (EM) analysis of the recombinant complex. The outstanding feature of the structure is the large physical separation between the catalytic centers of primase and Pol α, which reside in separate lobes of a highly flexible dumbbell-shaped primosome particle. This flexibility results from the interaction of the primase with the Pol α--B subunit complex ([@B12]). We provide functional evidence that such architectural organization contributes to increase the efficiency of the internal primer hand-off between primase and Pol α. The complete structural template for the yeast primosome provides the first insight into how primase and Pol α cooperate in the production of the RNA--DNA primer required for genome duplication in eukaryotic replication.

MATERIALS AND METHODS
=====================

Preparative biochemistry
------------------------

### Primosome

Amino acids 349--1468 (C-end) of Pol α, fused to a N-terminal StrepII tag, and amino acids 246--705 (C-end) of the B subunit were co-expressed in Sf9 insect cells as described ([@B12]). The primosome was reconstituted by mixing the lysate of insect cells overexpressing the Pol α--B subunit complex with purified primase. The reconstituted primosome was purified by affinity chromatography over a Strep-Tactin sepharose column and by heparin sepharose chromatography. All purified protein samples were flash-frozen in liquid nitrogen and stored at −80° in small aliquots. All samples were gel-filtered in preparation for electron microscopy analysis.

### Prim complex

The Prim complex was reconstituted over gel filtration by combining purified samples of primase and αCTD--B subunit complex. The αCTD--B subunit complex was overexpressed and purified as described ([@B12]). The truncated version of the Prim complex lacking the PriL-CTD, PrimL~ΔCTD~, was reconstituted in the same way, using truncated primase.

### Primase

The yeast primase was produced in Rosetta 2 (DE3) *Escherichia coli* strain using the vector pRSFDuet-1 vector expressing full-length PriS and His-tagged PriL (49--513). The first 48 amino acids of PriL were omitted as they are not conserved and are likely to be disordered. The primase was purified by Co-NTA agarose chromatography, heparin sepharose chromatography, His-tag cleavage and removal and gel filtration chromatography. A truncated version of the primase, lacking amino acids 336--513 of PriL, was prepared according to the same purification protocol.

### *Polα*~cat~

The polymerase domain of Pol α, spanning amino acids 349--1258, was expressed as an N-terminal, dual His-strepII tag from pRSFDuet-1 vector in Rosetta 2 (DE3) *E. coli* strain and purified by Co-NTA agarose, heparin sepharose, Strep-Tactin sepharose and gel filtration chromatography.

Electron microscopy and 3D reconstructions
------------------------------------------

The primosome, Prim complex, PrimΔL~CTD~ complex and primase samples were analyzed by electron microscopy after being adsorbed to glow-discharged carbon coated grids and stained with 2% uranyl formate. Grids were observed using a JEOL JEM-1230 transmission electron microscope operated at 100 kV and a nominal magnification of 50 000. Micrographs were obtained under low dose conditions and digitized at a final pixel size of 4.2 Å. Primase samples were recorded using a TVIPS CMOS 4kx4k camera at the same magnification. The contrast transfer function of the microscope for each micrograph was estimated using CTFFIND3 ([@B16]) and corrected using Bsoft ([@B17]). A total of 17 628, 11 088, 7210 and 4450 images of the primosome, Prim complex, PrimΔL~CTD~ complex and primase, respectively, were manually extracted using EMAN ([@B18]) (see [Supplementary Figure S1 and Supplementary Table S1,](http://nar.oxfordjournals.org/cgi/content/full/gkr534/DC1) for details on the image processing). Only side-views, corresponding to different projections along the longitudinal axis of the complexes, were selected. These side views are sufficient to cover Fourier space and the use of side-views only to obtain a correct reconstruction is the standard in many cases, such as the GroEL chaperonin ([@B19]). 2D reference-free classification and averaging for each of the data sets was performed using EMAN ([@B18]), XMIPP ([@B20]) and maximum-likelihood methods ([@B21]). Angular refinement was performed using EMAN and several starting templates, including several synthetic Gaussian blobs based on the reference-free 2D averages and the Pol α--B subunit complex map filtered at low resolution ([@B12]) ([Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkr534/DC1)). Refinement converged to similar reconstructions using different starting references. The data of the full primosome did not converge initially due to conformational heterogeneity, which was solved by splitting the data set into more homogenous subgroups following a strategy described below. In all cases and after convergence, we compared projections of the structures solved with the reference-free averages and their good agreement supported the correctness of the final structures. The heterogeneity in the conformations of the Prim complex was analyzed using 3D maximum-likelihood (ML3D) classification ([@B22]). The handedness of the reconstruction of the primosome was defined after fitting of the atomic structure of the related archaeal polymerase (unpublished PDB entry: 3A2F) into the Pol lobe of the primosome. Only one hand provided an adequate fitting and this was selected for the rest of the structures.

The structure of the αCTD--B subunit complex (PDB entry: 3FLO) was fitted into the reconstruction of the Prim complex using unbiased computational methods as provided by ADP_EM ([@B23]). The output solutions obtained using ADP_EM were then locally refined using UCSF Chimera ([@B24]). These fitting experiments also permitted defining the correct handedness of the reconstruction as the one providing a higher correlation with the fitted structure of the αCTD--B subunit complex (PDB entry: 3FLO). The fitting solutions with the higher scores for one of the two possible hands of the reconstruction (the one shown in results) showed much higher cross-correlations that any of the best solutions for the opposite hand (cross-correlation \> 0.6 for one hand, compared to 0.3 for the opposite hand). The resolution of the structures, calculated using a 0.5 cut-off of the FSC, was 25 Å and \~22 Å for primosome and Prim complex, respectively. The final volumes and fitting were visualized using UCSF Chimera ([@B24]).

Analysis of conformational flexibility of the primosome
-------------------------------------------------------

A multi-reference 3D angular refinement was performed to obtain a structure of the primosome despite its conformational heterogeneity, using the 'multirefine' command in EMAN ([@B18]) and a strategy defined before ([@B25]). Each primosome image in the data set was compared to all projections from three 3D references, and each image was assigned to that structure and orientation with the best correlation. One reconstruction out of the three obtained in each round of refinement showed the best connectivity between lobes and this was then used as 3D reference for the following step. In each round, three slightly different starting models to seed the refinement were built by adding random noise to the selected reconstruction, following methods described before ([@B25]). We observed that refinement progressed adequately only if the particles assigned to the structure with the best connectivity were split and only these used for subsequent rounds. This subset of particles was again reclassified and split into three subgroups and only the subset showing good connectivity was allowed to progress to the next round of refinement. This process was repeated iteratively until it converged upon a subset of 3129 particles that stably produced one reconstruction with a defined connecting linker. These images were then processed independently to remove any bias of the classification procedure. Attempts of classification using ML3D ([@B22]) were unsuccessful, likely due to the coexistence of a large number of conformations.

In order to characterize the source of conformational flexibility, an independent but complementary classification in 2D of the whole data set was performed using multivariate statistical analysis (MSA) and multireference alignment (MRA) using IMAGIC ([@B26]). MSA followed by MRA was used to classify particles pre-aligned along their longitudinal axis. Further alignment and classification was carried out taking into account only individual lobes. Using the results of the previous classification, subsets of particles were selected in which the Pol lobe and Prim lobe could be identified. A mask was then used to classify and re-align the data taking into account only a specific lobe. Those averages in which a lobe displayed a unique and visually recognizable view were then further classified without the use of a mask or re-alignment.

Primer synthesis assays
-----------------------

Two types of primer initiation assays were performed: a primer capping assay that measured the ability of the polymerase domain of Pol α to cap an RNA primer with ddNTP, either as part of the primosome or when added *in trans* to the Prim lobe ([Figure 5](#F5){ref-type="fig"}); a primer initiation assay that measured the effect on RNA primer synthesis of PriL-CTD addition *in trans* to a truncated Prim lobe missing the Fe-S domain ([Figure 6](#F6){ref-type="fig"}B).

All assays contained 250 nM poly(dT)-70mer ssDNA as template DNA, 300 µM \[α-^32^P\]-ATP, 50 mM TrisHCl pH 8.0, 5 mM MgCl~2~, 2 mM DTT in a reaction volume of 20 µl. In the primer capping assay of [Figure 5](#F5){ref-type="fig"}, ddATP was added at 100 µM and protein concentrations were: 100 nM primosome, 100 nM Prim complex and 100--300 nM of Polα~cat~ (added in stoichiometric ratios of 1:1, 1:2 and 1:3 to the Prim complex). In the primer synthesis assay of [Figure 6](#F6){ref-type="fig"}B, protein concentrations were: 300 nM Prim complex, 300 nM PrimΔL~CTD~ complex and 300 nM to 3 µM of PriL-CTD (added in stoichiometric rations of 1:1, 1:5 and 1:10 to the PrimΔL~CTD~ complex). Reactions were incubated at 37°C for 30 min, the reaction products were separated in denaturing conditions on polyacrylamide gel and analyzed by phosphorimager.

Pull-down analysis
------------------

Amino acids 316--512 of PriL (PriL-CTD) were expressed in *E. coli* strain Rosetta 2 (DE3) from the pGAT2 vector ([@B27]) as an N-terminal His- and GST-tagged protein and purified using glutathione sepharose and size exclusion chromatography. Pull-down was performed by incubating 500 µl of 15 µM αCTD--B subunit complex with 150 μl of Glutathione Sepharose 4B beads that had been bound with an excess of PriL-CTD, in binding buffer 25 mM HEPES pH 7.0, 150 mM KCl, 1% BSA, 0.1% Igepal CA-630 and 2 mM TCEP at 4°C for 2 h. Beads were washed three times with binding buffer, once with 25 mM HEPES pH 7.0, 150 mM KCl and 2 mM TCEP and then resuspended in 200 μl LDS sample loading buffer (Invitrogen). Samples were run on SDS--PAGE gels, and visualised by coomassie staining and western blot, using an α-His~6~ mAb (Abcam).

RESULTS
=======

The primosome is a flexible dumbbell-shaped particle
----------------------------------------------------

We have biochemically reconstituted and purified the primosome of the yeast *S. cerevisiae* from recombinant versions of Pol α --B subunit complex produced in insect cells and bacterially expressed heterodimeric primase (see 'Materials and Methods' section for details). The N-terminal sequences of Pol α (1--348) and B subunit (1--245) were excluded from our analysis as they are generally poorly conserved and predicted to be predominantly disordered ([Figure 1](#F1){ref-type="fig"}A). All structural analyses were performed on freshly gel-filtered primosome samples ([Figure 1](#F1){ref-type="fig"}B). 17 628 single images of primosome particles were collected and a reference-free classification was performed, in order to increase the signal to noise ratio by averaging images corresponding to similar views of the complex ([Figure 1](#F1){ref-type="fig"}C and D) (see [Supplementary Figure S1 and Supplementary Table S1,](http://nar.oxfordjournals.org/cgi/content/full/gkr534/DC1) for details on the image processing). The averages revealed an elongated, asymmetric particle similar in overall shape to the bilobal architecture previously determined for the Pol α--B subunit complex ([@B12]) ([Figure 1](#F1){ref-type="fig"}D). These averages thus represent distinct side-view projections of the primosome rotating along its longitudinal axis. The conformation of the primosome particle observed by EM is in agreement with earlier hydrodynamic measurements that suggested a highly extended structure for the Pol α/primase complex ([@B28]). Figure 1.Biochemical reconstitution and electron microscopy analysis of the yeast primosome. (**A**) Cartoons of the different constructs used in this work. (**B**) Gel filtration chromatography of the reconstituted primosome prior to preparation of EM grids and SDS--PAGE analysis of peak fractions. The molecular weight of each subunit is indicated. (**C**) Representative electron micrographs obtained from a gel-filtered primosome sample. Selected raw particles are highlighted within squares. Scale bar represents 20 nm. (**D**) Reference-free 2D averages obtained from the EM images of the primosome (left panel) compared to projections of the Pol α--B subunit complex map ([@B12]) (right panel). Scale bar represents 15 nm. (**E**) 3D reconstruction of one conformation of the primosome, obtained after classification of a moderately homogenous subset of particles. A difference map between the primosome and the Pol α--B subunit complex ([@B12]) is represented as a green mesh superimposed to the structure of the Pol α--B subunit complex (see text for details of experimental procedure). This difference mapping defines the overall subunit organization in the primosome (right bottom panel).

Initial attempts to obtain a 3D structure of the primosome using the images obtained in the microscope failed since we consistently obtained reconstructions that lacked any connectivity between the two globular regions. We reasoned that the conformational flexibility already detected in the Pol α--B subunit complex could have increased in the primosome and thus we set up a multireference 3D classification strategy using methodology described before ([@B25]). The goal was to isolate and resolve the structure for a subset of particles corresponding to a certain 3D conformation of the primosome. Following this methodology (see 'Materials and Methods' section), we identified a subset of 3129 particles that could reconstruct a primosome at 25 Å resolution revealing substantial structural features and clear connectivity ([Figure 1](#F1){ref-type="fig"}E). This subset of images was split and processed independently from scratch to remove the initial bias of the classification, confirming that the particles could be aligned in 3D with sufficient precision to conserve the structural details of the linker between the two lobes of the primosome. It is possible that the structure resulting from this multireference reconstruction strategy is a 3D average of closely related conformations rather than an entirely homogeneous conformation.

The primase interacts predominantly with the αCTD and the B subunit in the primosome
------------------------------------------------------------------------------------

The structure of the primosome revealed a two-lobe architecture that was interpreted by comparison with the structure of the Pol α--B subunit complex ([@B12]). The larger lobe corresponded to the catalytic domain of the Pol α subunit, identified after comparison with the Pol α--B subunit complex and it was the only region matching the crystal structures of other DNA pol domains ([@B12]) ([Figure 1](#F1){ref-type="fig"}E). In addition, this domain at the bottom end of the primosome was cropped from every single EM image and processed independently, which revealed 2D averages matching those of the Pol α subunit in the Pol α--B subunit complex ([Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkr534/DC1)).

The structures of the primosome and the Pol α--B subunit complex were computationally aligned and each lobe was readjusted locally to account for the different orientation of the two lobes in each complex. After alignment, a difference map between both structures was calculated that revealed additional densities in the primosome complex corresponding to the primase subunits ([Figure 1](#F1){ref-type="fig"}E, difference shown as a green mesh). This difference density accounted for roughly 30--35% of the total number of voxels in the reconstruction of the primosome, which correlates well with the percentage of mass corresponding to the primases within the complex. The primase was found prevalently associated with the αCTD and the B subunit, in a globular region that is separate from the polymerase domain of Pol α. This observation provides a rationale for biochemical reports concerning the mode of interaction of the primase within the Pol α/primase complex ([@B29],[@B30]). It further provides an initial structural template on which to base mechanistic models for the synthesis of the RNA--DNA primers. Less prominent densities in the difference map were found in the vicinity of the catalytic domain of Pol α suggesting that some regions in the primases could extend to contact this subunit and/or that the conformation of Pol α is slightly different in the primosome and the Pol α--B subunit complex.

Highly flexible association between the polymerase and primase regions of the primosome
---------------------------------------------------------------------------------------

Using the multireference refinement strategy described before ([Figure 1](#F1){ref-type="fig"}), we obtained the 3D structure of one conformation of the primosome observed in a subset of particles. We designed a complementary image classification strategy in 2D to characterize systematically the conformational complexity of the primosome using MSA and MRA of the images. In brief, the images of the data set were first aligned so that the globular region containing the polymerase domain of Pol α (hereinafter referred to as 'Pol lobe') was placed at the bottom end and the αCTD--B subunit-primase (hereinafter 'Prim lobe') at the top end. A computational mask was then applied to each single image to restrict the information used during image classification to the Pol lobe. Several classes containing single images with an identical view of the Pol lobe were obtained ([Figure 2](#F2){ref-type="fig"}A, each row representing one of these classes). For each of these subgroups, an additional round of classification was then performed removing the mask so that the full image of the primosome was used for classification, revealing multiple orientations of the Prim lobe for each static view of the Pol lobe. The analysis showed that the Prim lobe occupied a large range of different positions relative to a single orientation of the catalytic Pol lobe. Thus, the primosome possesses a high degree of plasticity in the inter-lobe connection, potentially giving rise to a large number of relative orientations of the two lobes ([Figure 2](#F2){ref-type="fig"}A, right panel). The conformational flexibility of the primosome particle is conveniently visualized treating each average as a frame of a movie ([Supplementary Movie S1--6](http://nar.oxfordjournals.org/cgi/content/full/gkr534/DC1)). Figure 2.Conformational flexibility of the eukaryotic primosome. (**A**) Collection of 2D reference-free averages of the primosome. Each row shows a set of averages where the Pol lobe is oriented according to the same view. The conformational flexibility of the primosome is highlighted by a cartoon outline showing the superposition of all averages in a row. Scale bar represents 15 nm. (**B**) Three selected class averages in panel A were further classified to demonstrate the degree of rotational heterogeneity still present in the average: the position of the Prim lobe is determined by a combination of tilt and rotation relative to the Pol lobe. (**C**) Reference-free classification of the data set after masking out the information of the Pol lobe. Alignment of the Prim lobe results in blurring of the Pol lobe, an additional indication of the high degree of interlobe flexibility of the primosome. (See also [Supplementary Movie S1--S6](http://nar.oxfordjournals.org/cgi/content/full/gkr534/DC1)).

Despite the extensive image classification performed, the structural features of the Prim lobe in these averages remained blurred compared to a well defined pol lobe, suggesting that several rotational states of the Prim lobe were still present in each subgroup of particles. This was confirmed by additional classification of particles with an apparently fixed orientation between the lobes, which revealed further heterogeneity due to rocking of the Prim lobe. ([Figure 2](#F2){ref-type="fig"}B). We repeated the image classification strategy, masking the Pol lobe and focusing on the Prim lobe. This time, for each well-defined orientation of the Prim lobe ([Figure 2](#F2){ref-type="fig"}C, top lobe), a blurred image of the Pol lobe was obtained ([Figure 2](#F2){ref-type="fig"}C, bottom lobe), which further confirmed that the conformational freedom of the primosome particle derives from a combination of rocking and twisting motion of the two lobes relative to each other.

Geometrical analysis of the primosome
-------------------------------------

The realization that the two catalytic centers of the primosome reside in physically distant regions of the particle has important implications for our functional understanding of the mechanism of synthesis of the RNA and DNA portions of the primer. We exploited the extensive image classification of [Figure 2](#F2){ref-type="fig"}A to perform a simple geometric analysis, which allowed us to extract some basic physical properties of the primosome particle ([Figure 3](#F3){ref-type="fig"}A). By approximating the Pol and Prim lobes as circular regions and measuring the distance between the centers of the circles in each particle, we estimated an average interlobe distance of 112 Å ([Figure 3](#F3){ref-type="fig"}B). Figure 3.Geometric analysis of the yeast primosome. (**A**) 2D averages of the primosome can be approximated as two circular lobes connected by a flexible linker. Depicted in the Pol lobe is the structure of a related archaeal polymerase (unpublished PDB entry: 3A2F). The flexibility can be characterized by the geometrical parameters *d* for interlobe distance, **α** for the interlobe angle in a set of related averages and *l* for linker size. (**B**) Geometrical outlines of the 36 2D averages of the yeast primosome in [Figure 2](#F2){ref-type="fig"}A. For each set, the average interlobe distance *d*, the interlobe angle **α** and the estimated size of the interlobe linker *l* are reported. (**C**) Multiple sequence alignment of the amino acid sequence linking the polymerase domain of Pol α to its carboxy-terminal domain (αCTD) (Hsa: *Homo sapiens*; Xla: Xenopus laevis; Dme: *Drosophila melanogaster*; Osa: *Oryza sativa*; Sce: *Saccharomyces cerevisiae*). The boundaries for the polymerase domain and the αCTD were determined based on the crystal structures of yeast Pol δ ([@B37]) and yeast αCTD ([@B12]), respectively. Identical amino acids are highlighted in blue and conserved amino acids in green.

Despite the high degree of relative mobility between lobes, the particle averages of [Figure 2](#F2){ref-type="fig"}A show that the range of positions occupied by the Prim lobe spans an angle no larger than \~70° relative to the Pol lobe. Based on simple geometric considerations, it is possible to estimate the size of the linker that tethers the lobes from the observed angular range of relative interlobe positions. Such an analysis yields an average linker length of 24 Å, a relatively modest distance that could be spanned by as little as nine amino acids in fully extended, beta conformation. This estimate is in good agreement with the known size of the linker sequence connecting polymerase and carboxy-terminal domains of Pol α (see [Figure 3](#F3){ref-type="fig"}C).

The eukaryotic primase is an elongated subunit that promotes inter-lobe flexibility of the primosome
----------------------------------------------------------------------------------------------------

In order to improve the structural definition of the Prim lobe, we reconstituted biochemically and analyzed by EM a complex comprising αCTD, the B subunit and the primase (hereinafter referred to as 'Prim complex'). Reference-free 2D averages of 11 088 particles of the Prim complex revealed an elongated structure, formed by a larger globular region with a smaller oblong protrusion ([Figure 4](#F4){ref-type="fig"}A). The features of the globular portion of the Prim complex were similar to those of the Prim lobe in the primosome (comprising αCTD, B subunit and the primase subunits). This similarity was supported by the high correlation (\>0.9) of the comparison between averages of the Prim lobe and the globular region of the Prim complex ([Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkr534/DC1)). Strikingly, the longitudinal dimension for the Prim complex was significantly larger than the Prim lobe in the primosome ([Figure 4](#F4){ref-type="fig"}A). Indeed, a subtraction map between averages of the Prim lobe and the Prim complex after alignment revealed that, whereas the larger globular region was similar in both complexes, difference density was placed at the oblong protrusion ([Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkr534/DC1)). Figure 4.3D structure of yeast Prim complex. (**A)** Selected reference-free 2D averages and the corresponding raw images of the different complexes after observation in the electron microscope, shown at identical magnification. Bar represents 15 nm. (**B**) 3D-structures of the Prim complex obtained by maximum-likelihood methods (see text for details). (**C**) Fitting of the αCTD--B subunit complex in the density of the Prim complex. The αCTD and B subunits are shown as blue and orange ribbon, respectively. The density of the Prim complex is in cyan. The crystal structure of a truncated form of the heterodimeric archaeal primase from *Sulfolobus solfataricus* (PDB: 1ZT2) is shown as yellow ribbon next to the Prim complex density. ('B'--B subunit).

3D reconstruction of the Prim complex confirmed that it comprises a larger, globular domain and a smaller, elongated region (see 'Materials and Methods' section for details) ([Figure 4](#F4){ref-type="fig"}B). 3D classification of the images in three related but different conformations by maximum-likelihood methods revealed variability in the position of the smaller region relative to the large globular region of the Prim complex. A channel that expands in a larger, internal cavity crosses the globular region and divides it in two halves of roughly equal size. A crystallographic model of the αCTD--B subunit complex ([@B12]) was fit with the structure of the Prim complex using computational tools ([@B23],[@B24]). All top solutions convincingly fit the αCTD--B subunit complex in one side of the globular domain (cross-correlation \>0.6) and these were also the only solutions placing the atomic structure entirely within the EM map ([Figure 4](#F4){ref-type="fig"}C). No structural information is currently available for the eukaryotic primase, with the exception of the carboxy-terminal domain of the large subunit ([@B14],[@B15]). The region in the Prim complex that remains unoccupied after fitting the αCTD--B subunit complex could then be assigned to the primase subunits. The eukaryotic primase displays an elongated structure within the Prim complex ([Figure 4](#F4){ref-type="fig"}C). Indeed, EM images of isolated yeast primase revealed a very extended shape, but thinner than that of the Prim complex; the difference in size can be accounted for by the B-subunit and the αCTD ([Figure 4](#F4){ref-type="fig"}A). In addition, a crystallographic model comprising a portion of an archaeal heterodimeric primase displays also an extended conformation ([Figure 4](#F4){ref-type="fig"}C) ([@B5]), which agrees with the shape of the region of the Prim complex that remains available after fitting of the αCTD--B subunit complex ([@B12]). Nevertheless, we did not have sufficient information to unambiguously fit the structure of the archaeal primase within the Prim complex.

Available evidence identifies PriL as the subunit that anchors the primase to Pol α and shows that the interaction with the primase is mediated by the αCTD ([@B29],[@B31],[@B32]). These experimental constraints can be satisfied by assigning PriS to the upper half of the globular region of the Prim complex and PriL to the lower half, directly facing the αCTD. Intriguingly, the presence of residual density protruding from the larger globular region of the Prim complex suggests that the area of Pol α contacted by the primase might extend beyond the αCTD and include the linker region between polymerase domain and αCTD and/or other regions of Pol α. A specific interaction between the primase and the Pol α linker sequence might be responsible for the greatly increased interlobal mobility observed in the primosome relative to the Pol α--B subunit complex ([@B12]).

Flexible tethering of Prim and Pol lobes contributes to the efficient transfer of RNA primers
---------------------------------------------------------------------------------------------

The observed organization of the primosome as two physically independent catalytic centers connected by a highly flexible linker provides a structural basis for understanding the mechanism of primer transfer. We set out to compare the efficiency of primer transfer in the intact primosome and in a sample containing the Prim complex and the polymerase domain of Pol α (Polα~cat~). In the latter sample, the lobes of the primosome are physically separated and primer transfer must necessarily take place *in trans*. The experiment exploited the known tendency of the eukaryotic primase to generate RNA multimers *in vitro* by repeated extension of unit-length primers. We designed a primer capping assay that measured the efficiency of addition of di-deoxyadenosine triphosphate (ddATP) to the unit-length RNA primer by Pol α: the extent of residual RNA multimer formation in reactions that contained ddATP would correlate inversely with the efficiency of primer transfer between primase and Pol α. The experiment showed that a mix of Prim complex and Pol α~cat~ was clearly less efficient in primer capping than the primosome, even when Pol α~cat~ was added in stoichiometric excess ([Figure 5](#F5){ref-type="fig"}). Figure 5.Functional analysis of yeast primosome. The primer capping assay measures the efficiency of ddATP addition to the RNA primer by Pol α\'s catalytic domain (Pol α~cat~), as part of the primosome or when added *in trans* to the Prim complex. Lane 1: primosome activity in the presence of ATP (control); lane 2: primosome activity in the presence of ATP and ddATP; lane 3; Prim complex activity in the presence of ATP (control); lane 4: Prim complex activity in the presence of ATP and ddATP (control); lanes 5--7: Prim complex activity in the presence of ATP, ddATP and increasing amounts of Pol α~cat~, in stoichiometric ratios of 1:1, 1:2 and 1:3. The asterisks mark the first appearance of an RNA primer capped with ddATP for the primosome and the Prim complex.

The carboxy-terminal portion of PriL (PriL-CTD) has a critical role in RNA primer synthesis ([@B7],[@B8]). A tentative assignment of the PriL-CTD position in the Prim lobe was made by comparing EM images of the Prim complex and the PrimΔL~CTD~, lacking the PriL-CTD. The PriL-CTD was identified as a clear spot occupying a range of related positions relative to the longitudinal axis of the Prim complex, indicative of a mobile tethering to the rest of the primase molecule ([Figure 6](#F6){ref-type="fig"}A). PriL-CTD was not detected in the 3D structure of the primosome ([Figure 1](#F1){ref-type="fig"}E) most likely because the images used in the reconstruction remained sufficiently heterogeneous to average out its density.

The PrimΔL~CTD~ complex displayed a greatly diminished level of RNA primer synthesis relative to the Prim complex, in agreement with previous observations that the PriL-CTD has a critical role in primer initiation ([Figure 6](#F6){ref-type="fig"}B) ([@B7]). Interestingly, reconstitution of the Prim complex *in trans* by addition of PriL-CTD to PrimΔL~CTD~ caused a noticeable increase in the ability of the PrimΔL~CTD~ to extend the unit-size primer, suggestive of a functional involvement of the PriL-CTD beyond the initiation stage. We sought to determine whether this functional effect could be dependent on a direct association of the PriL-CTD with the PrimΔL~CTD~ during primer synthesis. The PriL-CTD has only a weak affinity for nucleic acid, so it is unlikely to interact independently with the nascent template-bound RNA primer at the concentrations used in the assay ([@B14]). Alternatively, the effect might be mediated by a protein--protein contact with the PrimΔL~CTD~. Indeed, we detected an interaction by pull-down assay between the PriL-CTD and the αCTD--B complex ([Figure 6](#F6){ref-type="fig"}C). Although this interaction is probably too weak to represent the principal mode of interaction between the primase and the Pol α--B complex, it might play a role in orienting the PriL-CTD during primer synthesis. Figure 6.Structural and functional analysis of the PriL-CTD. (**A**) 2D reference-free averages of the Prim complex and the PrimΔL~CTD~ complex. The putative position of the PriL-CTD in the Prim complex is indicated by an arrow. (**B**) Functional analysis of the Prim complex. The ability of the Prim complex to synthesise an RNA primer was compared to that of the PrimΔL~CTD~ when the PriL-CTD was added *in trans* to the reaction, in stoichiometric ratios of 1:1, 1:5 and 1:10. The band position marked by the asterisk is a gel artifact caused by the gel running dye. (**C**) GST pull-down analysis of the interaction between PriL-CTD and the αCTD--B subunit complex. The top panel shows the Coomassie staining of the gel and the bottom panel the western blot with anti-His antibodies. The asterisk marks the position of the GST protein.

DISCUSSION
==========

The semi-discontinuous nature of DNA replication means that nucleic acid synthesis must be continuously primed on the lagging strand. In eukaryotes, the functions of RNA primer synthesis and initial elongation are coupled within the primase/Pol α complex or primosome. The physical association of primase and polymerase activities provides the basis for their tight functional coupling. Indeed, a large body of experimental evidence points to an intramolecular mechanism of RNA primer transfer between active sites of primase and Pol α in the primosome ([@B31],[@B33; @B34; @B35]). Thus, after unit-length primer synthesis by the primase, the 3′-terminus of the template-bound primer undergoes an internal translocation to the active site of Pol α, without dissociating in solution.

Despite the biochemical evidence of intramolecular hand-off, the nature of the switch that transfers the primer between primase and Pol α is currently unknown. Here, we have provided the first experimental evidence for the 3D architecture of the eukaryotic primosome. We show that the primosome is organized as a dumbbell-shaped particle with flexibly connected lobes. The catalytic domain of Pol α resides in one lobe, whereas the other lobe is formed by the interaction of the αCTD, the B subunit and the primase. Although the bulk of the primase is clearly associated in a globular region with αCTD and B subunit, EM analysis of the isolated Prim lobe and the primase show an elongated shape, in agreement with previous crystallographic evidence of the related archaeal primase ([@B5]). A remarkable feature of the eukaryotic primosome is the highly flexible nature of the physical connection between Prim and Pol lobes, which contrasts with the more limited flexibility observed previously in the Pol α--B complex ([@B12]). It is possible that specific, local interactions between the primase and the Pol α at or near its linker region could be responsible for the increased interlobe flexibility. In support of this model, PriL binds Pol α after simultaneous co-expression of primosome subunits in COS-1 cells ([@B29],[@B30]).

Our structural and functional data show that the molecular architecture of the primosome as two physically independent, flexibly connected catalytic modules represents the physical basis for primer transfer from the primase to Pol α ([Figure 7](#F7){ref-type="fig"}). Although primer transfer can take place in mixtures of purified Prim and Pol complexes that are not covalently linked, the efficiency of primer transfer is greatly increased within the primosome ([Figure 5](#F5){ref-type="fig"}). These findings are compatible with alternative functional models of how primase and Pol α cooperate in the assembly of the RNA--DNA primers. One possibility is that the physical link between lobes would increase RNA transfer efficiency, by minimizing the rate at which the RNA primer diffuses between the active sites of primase and Pol α. In this case, the observed linker flexibility would allow the two catalytic modules to operate independently, similar to the mechanism proposed for the primase--helicase of bacteriophage T7 ([@B36]). Figure 7.Model for the molecular architecture of the primosome. The model is based on the observations that the primase and polymerase activities reside in separate regions of the primosome, connected by a highly flexible linker ('B'--B subunit; 'S\'--PriS; 'L'--PriL; ^α^CTD and ^α^cat--C-terminal and catalytic domain of Pol α). The elongated shape of the primase can contact in principle the Pol lobe. Since the large subunit of the primase binds Pol α, PriL has been tentatively placed closer to Pol α ([@B29],[@B30]). A schematic diagram of the steps of RNA--DNA primer synthesis, based on a hypothetical rearrangement of Pol and Prim lobes during primer transfer is also shown.

Alternatively, the flexible connection between lobes in the primosome could be a functional feature of a concerted mechanism of primer hand-off between primase and Pol α. Synthesis of a unit-length primer by the primase would trigger a specific rearrangement of the primosome lobes, causing the engagement of Pol α\'s active site with the 3′-terminus of the RNA primer. Indeed, it has been proposed that primer completion is the signal for the switch from primase to polymerase activity ([@B34],[@B35]). A separation of over 100 Å between the centers of the primosome lobes implies that a large-scale conformational rearrangement would necessarily be an integral part of a concerted hand-off mechanism ([Figure 7](#F7){ref-type="fig"}).

At this stage, there is insufficient evidence to reach a firm conclusion concerning the nature of the mechanism of primer transfer within the primosome. The multiple priming events required to sustain replication of the lagging strand imply that the primosome must cycle continuously and rapidly through the steps of primer synthesis, transfer, elongation and release. Such functional behaviour would naturally call for a high degree of coordination between the catalytic activities of the primosome, pointing to the existence of an integrated process of primer hand-over between primase and Pol α.

In conclusion, the evidence presented here provides the first structural model of the eukaryotic primosome and an initial insight into the mechanism of RNA--DNA primer assembly during initiation of nucleic acid synthesis in eukaryotic replication. Future efforts will be aimed at characterizing in atomic detail each stage of the primosome\'s catalytic cycle.
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